Abstract: X-ray line polarization spectroscopy is a method of choice for probing hot plasma conditions. The precise roles of resonant structures in this method have not been realized and fully understood. With a sophisticated relativistic close coupling Dirac R-matrix calculation of polarized radiation of the quadrupole magnetic M2 line at 2.717 Å in Ba 46+ , we revealed the nature of resonant structures in x-ray line polarization spectroscopy. We found that signatures with a heavy resonance forest imprinting on polarization may be used for a sensitive new spectroscopic method. The resonant polarization spectrum was used to determine or constrain the directional beam electron distribution of the laboratory Ba plasma. Our results provide a start of resonant polarization spectroscopy as a method for diagnostics of laboratory, fusion and astrophysical plasma source conditions.
Introduction


Polarization spectroscopy [1] of radiation or fluorescence is an important method of choice for probing structural, dynamical, and physical properties in a broad spectrum of areas ranging from hot laser-produced plasmas [2, 3] , inertial confinement fusion [4, 5] , and magnetic confinement fusion plasmas [6] to small-scale laboratory [7] [8] [9] and cosmic-scale astrophysical plasmas [10, 11] to biophysics [12] . The degree of polarization of the emitted radiation, which is directly connected to the anisotropy in the velocity space of an ensemble of excited atomic particles inside a medium, may also be used for remotely sensing the structural features of ionized medium from spectra observed in laser-plasmas interaction and the interaction of ion-beams and surface in microlithography [13] [14] [15] .
Polarization of x-ray line radiation can be generated when an alignment of MS (magnetic sublevels) of an atomic target is created by directional electron beams or magnetic fields [1, 16] . Alignment is a consequence
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when the MS population of the upper fine-structure atomic level for a given x-ray line is unequal. In non-thermal hot plasmas, x-ray line polarization spectroscopy [2, [16] [17] [18] is an essential tool (a) for probing physical conditions, such as electron density and temperature distributions, ion charge state and abundance distributions, and electron angular and anisotropic velocity distributions [3, [19] [20] [21] [22] [23] ; and (b) for studying plasma energy and radiation transport [3, 18, 20] . X-ray line polarization spectroscopy has been applied to determine efficiently the non-thermal EDF (electron distribution functions) of (i) high energy density laser-produced plasmas [2, 3, 13] , (ii) inertial confinement fusion plasmas [5, [24] [25] [26] [27] , and (iii) low density magnetic confinement fusion plasmas [6, [28] [29] [30] . X-ray line polarization spectroscopy may also be used to study quantitatively x-ray formation physics of highly charged complex ions in laboratory plasmas [2, 14, 31, 32] .
In x-ray astrophysics, polarization analysis of observed x-ray line spectra (along with continuum spectra) opens a new window to infer the geometry and angular distribution of line emitting sources [10, 11, 33] . X-ray line polarization spectroscopy may be D DAVID PUBLISHING
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applied to reveal the nature of violent and exotic sources in space, such as solar flares [34] [35] [36] , supernova blast waves [34, 37] , clusters of galaxies and gamma-ray burst afterglows [11, [38] [39] [40] . The observation of x-ray polarization provides an insightful vision for and a unique test of the new physics in these fascinating x-ray emitting sources. The diagnostic of the radiation emission from hot plasmas in solar flaring regions is a key to the ultimate aim to provide predictions or forecasts of solar activity and "space weather" [41] .
The resonance contributions to both the electron excitation cross sections and components of the polarized radiative emission have been systematically treated in a number of previous works (see e.g. [1, 3] ). However, the precise roles of resonant structures in x-ray line polarization spectroscopy have not been realized and fully understood. In this work, we reveal the nature of resonant structures in x-ray line polarization spectroscopy, and advance a diagnostic method RPS (resonant polarization spectroscopy), rearming the present hot plasma diagnostic tools. While resonance effects were considered in previous models, x-ray line polarization spectrum with resonant structures identified has never been used before as a plasma spectroscopy tool. The power of our RPS method relies critically on the sophisticated relativistic calculation of resonant structures in the polarization spectrum and the correct identification of these resonant structures.
Method and Calculation
Our new RPS method is demonstrated here in two steps: (1) We first report fully relativistic quantum mechanical calculation of polarized radiation of the quadrupole magnetic line (M2) at 4,563 eV or 2.717 Å (2p S 0 ) in highly charged Ne-like ion Ba 46+ . The calculation of x-ray line polarization spectroscopy was carried out by the relativistic close coupling Dirac R-matrix method we developed in Ref. [16] . We took into account the effects of interacting
Rydberg series of resonances (with the inclusion of radiation damping to resonances) on MS EIE (electron impact excitation) cross sections, and the effects of cascade on M2 MS line intensities from many high-lying MS. We found that signatures, with a heavy resonance forest imprinting on x-ray line polarization spectrum, may be a sensitive diagnostic tool. (2) The resonant polarization spectrum was then used to determine or constrain the plasma characteristics, such as the directional beam electron EDF, of the laboratory Ba plasma developed on an EBIT (electron beam ion trap) [42] . When the intensities of the two polarization-specific components of the x-ray line are different, the presence of anisotropy in plasmas may be characterized by polarization degree P(E) as a function of electron energy E, defined by
, where I ll (E) and I ⊥ (E) are the polarized photon intensities with electric field vectors parallel and perpendicular to the plane defined by the electron-beam direction (the axis of symmetry) and the observation line of sight. In the laboratory EBIT plasmas, x-ray emission is often observed at 90 o to the electron beam [42] . The detailed polarization is then calculated from MS EIE cross sections σ 2 for M f = 2 and σ 1 for M f = 1 (M f is the magnetic quantum number of the final or upper level in the MS transition) [17] ,
The relativistic close coupling DRM (Dirac R-matrix) method we have developed in Ref. [16] was employed to calculate x-ray line polarization. Both channel coupling effects and interacting series of Rydberg resonances were readily included by our DRM method. We included target states up to the principal quantum number n = 5 in the relativistic atomic structure calculation of Ba 46+ [17] .
Large resonance effects and complicated resonant structures in EIE collision strengths of M2 MS were demonstrated in Fig. 1 . The strength of resonances may dominate over the non-resonant background of M2 MS collision strengths. The combined constructive and destructive effects of interacting Rydberg series of resonances may significantly change the non-resonant background collision strengths. The consequence of all these effects is reflected in the polarization calculation given below. In Fig. 1 , we were also able to identify the major Rydberg resonance series in MS atomic collision processes. The left red arrow at E = 4,975.6 eV marks the threshold for 4ℓ4ℓ′ resonances; the middle red arrow at E = 5,318.3 eV and the right red arrow at E = 6,849.8 eV mark respectively the Rydberg resonance series of 3ℓnℓ′ (n = 7-∞) and 4ℓnℓ′ (n = 5-∞) in M2 MS collision strengths. Here ℓ is the orbital quantum number and nℓn′ℓ′ denote doubly excited resonance states. The interacting Rydberg resonance series of 5ℓnℓ′ (n = 5-∞) appear at higher energy of E > 5,959.3 eV. These strong Rydberg series of resonances of 4ℓ4ℓ′ and 3ℓnℓ′ (n = 7-∞) shown in Fig. 1 are most important in demonstrating the RPS method detailed below.
M2 is a forbidden transition, unlike the electric dipole transition shown in Ref. [16] , so many interacting Rydberg series of resonances are strong for an extended range of electron energy. This is the main reason to use M2 polarization to demonstrate our RPS method. However, cascade effects on M2 polarization from many high-lying MS need to be taken into account at high E region, so polarization of a large number of high-lying MS transitions must first be explicitly calculated. An extensive MS CRM (collisional-radiative model) with MS collision and radiative rates was then constructed to calculate the cascade effects. This MS CRM is similar to the FS (fine-structure) CRM used in Ref. [44] , except that the FS collision rates in Ref. [44] were replaced by the MS collision rates, and the FS Einstein radiative transition coefficients were replaced by MS radiative transition coefficients.
Results
Fig . 2 shows the effects of cascade for M2 polarization. Two previous RDW (relativistic distorted-wave) results [42, 43] are also given for comparisons. For E below the n = 3 target threshold, the cascade effects significantly reduce the amplitude of oscillatory features, which are due to resonances in MS collision strengths, in M2 polarization. But the effects on the non-oscillation background of M2 polarization are less significant. For E above n = 3 target threshold, cascade has significant effects on both the oscillatory features and the non-oscillation background of M2 polarization. The non-oscillation background is raised by about a factor of two due to cascade effects. However, it was shown that the M2 polarization increases by about a factor of four due to cascade effects from nonzero angular momentum levels [42] . There is about a factor of two difference between the present DRM0 calculation without cascade and the earlier RDW0 calculation [42] . Although there is some amount of agreement for the backgrounds of M2 polarization among the present calculation (DRM1 with cascade effects), the RDW1 calculation in Ref. [42] (with cascade effects), and the RDW2 calculation in Ref. [43] (without cascade effects), such agreement is fortuitous, as detailed above and shown in Fig. 2 . Some rather limited resonance effects on M2 polarization were also calculated by the RDW method in Ref. [43] . However, in low energy region, this RDW calculation missed the prominent resonances of 4ℓ4ℓ′ and 3ℓnℓ′ (n = 7-∞), which in turn are most important for the demonstration of the new RPS method advanced in this work.
The M2 polarization was further calculated and shown with the convolution of Gaussian beam width at W = 10 eV and 30 eV in Fig. 3 and at W = 5 eV in Fig. 4 . We found that signatures with a heavy resonance forest shown in Fig. 1 are imprinted on the M2 x-ray polarization. The oscillation features in M2 polarization are caused by the Rydberg resonance series of 3ℓnℓ′ (n = 7-∞) and 4ℓ4ℓ′ resonances in M2 MS collision strengths for E < 5,000 eV, and by the Rydberg resonance series of 4ℓnℓ′, (n = 5-∞) and 5ℓnℓ′, (n = 5-∞) for E > 5,000 eV, all of which are identified and explained in Fig. 1 . In Figs. 3 and 4 , it should be noted that our DRM calculation of the M2 polarization spectrum was normalized to the E1 line at 4,568 eV. Next, our theoretical polarization spectrum was further applied to determine or constrain the directional beam EDF of the laboratory EBIT plasmas [8, 32, 42] . EBIT plasmas is an ideal test bed to explore x-ray formation physics and atomic physics of highly charged ions, important for studying hot plasmas in laser-produced, controlled fusion and astrophysical sources. EBIT may also be an ideal extraction system of ion beam sources for studying ion-surface interaction in microlithography [14, 15] . Similar to astrophysical plasmas, such as the matter of sparse interstellar gases, x-rays emitted from highly charged ions in EBIT plasmas result from the interaction of a beam of high-energy electrons with a cloud of ions. The x-ray lines emitted from excited MS are polarized because of the anisotropy of EBIT beam's EDF. The study of polarization is thus key to the physical interpretation and analysis of x-ray radiation in EBIT plasmas. It is now known that a new area of EBIT science emerges on the study of the EBIT plasma as an exotic source and for the understanding of fine details of the EBIT plasma confinement, such as the dynamics of electron beam and ion cloud in non-neutral EBIT plasmas; the plasma heating, cooling, electromagnetic interaction or collisions in transient or equilibrium EBIT systems [31, [45] [46] [47] [48] .
The energy E and the spread W of the electron beam are two key parameters that characterized an EBIT plasma. The power of our RPS method is shown below by the application of the method to determine or infer E and W. Because of the lacking of a sophisticated calculation for and a correct identification of resonant structures in previous models [42, 43] , it is impossible for previous works to infer both the parameters. Although the energy shift due to space charge (shifts with respect to the drift tube electrode voltage of EBIT) can be easily determined, the partial neutralization of the trapped positive ions is hard to specify [31, 42] . The position of electron beam energy is therefore difficult to specify accurately [31, 42] . It is also important to know precisely the EBIT beam spread W for the study of x-ray formation physics and spectral modeling of EBIT plasmas [46] . The EBIT beam spread W is largely due to the radial variation of space charge shift through the electron beam. The precise beam spread W is another parameter that is hard to specify for EBIT plasmas [31, 42] . The EBIT polarization data were measured simultaneously with two identical bent crystal x-ray spectrometers [42] . In Figs. 3 and 4 , we apply our M2 theory polarization to the determination or constraint of the beam width W and the beam energy shift due to space charge with neutralization correction. Compared with the case of W = 30 eV, our polarization with W close to 10 eV is shown to be much closer to the observed polarization under the EBIT Ba plasma conditions [42] . Hence, we infer that the beam width in this EBIT Ba plasma is below W = 10 eV and is well below 30 eV. We note that some similar small beam widths of about 10 eV have been observed in some other EBIT plasmas [49, 50] .
From Figs. 3 and 4, an overall beam energy correction in the EBIT Ba plasma, due to space charge and its neutralization, was determined to be about 100 eV [42] . The uncertainty of the beam energy reported in Ref. [42] is ±50 eV.
Summary
In summary, we have carried out a sophisticated and fully relativistic quantum mechanical calculation, with the inclusion of resonant structures and cascade effects, of the M2 x-ray line polarization in Ba 46+ . Our resonant polarization spectrum was applied to the diagnostics of the laboratory EBIT Ba plasma. The beam energy shift due to space charge and the beam spread, which are two key EBIT plasma parameters, were determined or constrained by our new RPS method. We anticipate that our work will provide a start of resonant polarization spectroscopy as a general method for insightful diagnostics of non-thermal plasma characteristics. Our method may be used in the precise determination of anisotropic EDF in a wider range (other than x-ray band) of laboratory, fusion and space plasmas important for further study of plasma energy and radiation transport.
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